Introduction {#s0005}
============

The morphogeometric analysis of the corneal structure has been shown to be a valuable tool to characterize the keratoconic cornea, allowing a better understanding of the macrostructural consequences of the degenerative process associated to this disease [@b0005]. This is especially useful for the generation of new indices, which allows for sensitive and specific detection of keratoconus (KC), even in the most incipient stages [@b0010], [@b0015]. It should be taken into account that the analysis of the geometry of the anterior corneal surface is insufficient for the detection of subclinical or incipient KC; therefore, it is necessary to consider other additional descriptors, such as corneal asphericity and aberrations, pachymetry, or corneal biomechanics [@b0020], [@b0025], [@b0030], [@b0035], [@b0040], [@b0045], [@b0050].

The analysis of corneal symmetry has been also evaluated as a potential tool to ease the detection of incipient ectatic stages, especially in terms of decentration of the apex position [@b0055], [@b0060], [@b0065], [@b0070]. Wahba et al [@b0055] found that one of the parameters showing the highest diagnostic ability for early keratoconus compared to normal corneas was the diagonal de-centration of the thinnest point from the apex. Abu Ameerh et al. [@b0060], in a study evaluating a sample of Jordanian patients, found that the vertical pachymetric apex position had a good correlation with KC severity grades, while the horizontal position seemed to remain unaffected. Likewise, Fredriksson and Behndig [@b0065] confirmed that many astigmatic values in keratoconus differed between the 3 mm pupil-centred and the 3 and 6 mm apex-centred zones. In the current study, a new approach based on corneal morphogeometric analysis considering the symmetry of vertex position and the point of minimum corneal thickness (MCT) has been proposed and evaluated. Specifically, the focus of this research was to evaluate changes occurring in these new morphogeometric indices with consideration of the position of anterior and posterior corneal apices and the MCT point in keratoconus and the correlation of these changes according to the severity of the disease.

Material and methods {#s0010}
====================

Patients {#s0015}
--------

This prospective comparative study enrolled 440 eyes from 440 patients with ages varying from 7 to 99 years old. A random selection of just one eye from each subject was made to elude the potential bias associated to the correlation between both eyes of the same individual. The study was supervised at the Keratoconus Unit of Vissum Corporation Alicante, Spain, (a center affiliated with Miguel Hernández University of Elche, Spain) and was ratified by the Ethics Commission of this institution following ethical standards of the Declaration of Helsinki (7th revision, October 2013, Fortaleza, Brazil). The sample, which is part of the official database "Iberia" of keratoconus cases created for the National Network for Clinical Research In Ophthalmology RETICS-OFATARED, was divided into two groups: a control one, that included 124 healthy eyes, and a KC other, composed of 316 eyes diagnosed with KC.

Inclusion criteria were the presence of a healthy eye---not meeting the exclusion criteria for the control group---and a KC diagnosis according to the standard criteria for the KC group [@b0075], [@b0080]. These criteria are based on the presence of the following signs: anterior corneal topographic asymmetric bowtie pattern, KISA ≥ 100, and one or more biomicroscopic keratoconus signs, such as Fleischer ring, significant corneal thinning, Vogt striae or conical protrusion on the cornea at the apex. Previous ocular surgery, presence of opacities and/or any other active ocular disease were considered as exclusion criteria. Keratoconus eyes with previous corneal surgeries, such as corneal collagen crosslinking or intrastromal ring segment insertion, were excluded from the KC group.

Examination protocol {#s0020}
--------------------

A thorough clinical eye examination was conducted in all subjects including measurement of uncorrected (UDVA) and corrected distance visual acuity (CDVA), anamnesis, objective and subjective refraction, slit-lamp biomicroscopy, and corneal analysis with the Sirius topographic system (Costruzione Strumenti Oftalmici, Italy). All tests were performed by a single experienced examiner. A minimum of three corneal topographies were successively obtained for each cornea and the best one (the topography with the highest acquisition quality for the Scheimpflug image and keratoscopy) was selected to provide data for this study. According to this exam, each keratoconus case was graded in terms of severity using the Amsler--Krumeich grading system [@b0085]. Besides this, all corneal tomographic files were exported in .csv format to be analyzed in detail using a morphogeometric analysis procedure developed and endorsed by our research group [@b0005], [@b0010], [@b0015].

Morphogeometric analysis {#s0025}
------------------------

The method of morphogeometric examination used in this research work was based on the following steps ([Fig. 1](#f0005){ref-type="fig"}):1.Generation of the point cloud. A coordinate system for a three-dimensional space was used to generate the surface according to the point cloud data. Exported CSV tomographic files from Sirius tomographer provide spatial points that conform to corneal surfaces, coordinates of each scanned point are given in polar format (radii and semi-meridians), and some scanned points can present a reading error caused by extrinsic factors [@b0090], so an algorithm programmed using Matlab® V R2014 (Mathworks, Natick, USA) software was developed to: i) obtain the Cartesian format of the polar coordinates included in each topography file, and ii) eliminating the topograhy files that contain invalid reading data in polar coordinates (value =  − 1000). Regarding the CSV topography files from Sirius tomographer, every row was considered a representation of a circle in the corneal map, with every column representing a semi-meridian (256 points per radius). Each row represents a sample taken following the plot of a circle of radius i\*0.2 mm, with "i" being the number of the row, and each column represents a sample taken following the plot of a semimeridian in the direction of j\*360/256u, with "j" being the number of the column. Finally, an \[i, j\] matrix was generated, in which each Z value represents the point P (i\*0.2, j\*360/256u) in polar coordinates. With this organization, a cloud of points was generated specifically for a zone extending from the normal corneal vertex (corneal geometric centre, r = =0 mm) to the mid-peripheral zone (r = =4 mm), this criterion is mainly justified by the following two reasons: Geometric principle [@b0005], [@b0010] and Clinical principle [@b0095], as this zone of analysis tends to include most information on corneal morphology, not only for healthy but also for diseased eyes.2.Geometric rebuild of corneal surface. An importation of the cloud of points representative of the corneal architecture into the surface reconstruction software Rhinoceros® V 5.0 (MCNeel & Associates, Seattle, USA) was performed. This software uses a mathematical model to generate surfaces based on non-uniform rational B-splines (NURBS) [@b0100], and its validity in the Biomedical Engineering field [@b0105], [@b0110], [@b0115], [@b0120] and the Ophthalmology field [@b0010], [@b0015], [@b0125], [@b0130], [@b0135], [@b0140] has been widely demonstrated, as when these functions are based on a dense and uniform distribution of scanned sample points, they bestow the geometric fidelity of the original surface upon the new structure. In our study, the Rhinoceros's patch surface function was selected to find the surface best fitting the cloud of points, with a minimization of the nominal separation between the three-dimensional cloud of points and the generated surface. This deviation can be later calculated by the software, providing a mean value of the distance error for the solution surface [@b0125]. The following configuration settings were used for the function: sample point spacing 256, surface span planes 255 for both u and v directions, and stiffness of the solution surface [@b0005].3.Solid Modelling. The surface obtained in the previous step was then imported into the solid modelling software SolidWorks® V 2012 (Dassault Systèmes, Vélizy-Villacoublay, France). Using this software, the custom model that represents the corneal geometry was created [@b0005].4.Calculation of different morphogeometric parameters from the solid model generated. Some of these variables have been defined in detail in previous studies of our research group [@b0005], [@b0010], [@b0015]: anterior corneal surface (ACS) area (A~ant~), posterior corneal surface (PCS) area (A~post~), total corneal surface area (A~tot~), and corneal volume (CV). Regarding the areas, the measured area comprises the corneal surface for a radius = 4 mm from its normal corneal vertex, which included the central and paracentral regions [@b0090]. Regarding the geometrical axis [@b0145], given that the cornea does not have a perfect symmetry axis, and that the optical axis is not real, the, geometrical axis is defined as the centreline that can be used as a reference in modelling applications in computer-aided design (CAD) or finite element (FE) modelling packages, and is calculated as an axis normal to the tangent plane in the geometric centre (vertex). Likewise, the following new morphogeometric variables were defined for healthy ([Fig. 2](#f0010){ref-type="fig"}) and advanced keratoconus eyes ([Fig. 3](#f0015){ref-type="fig"}):Fig. 2Graphical representation of angles and linear distances calculation for a healthy eye (male patient of 31 years, OD, CDVA = 1, astigmatism = 1.18, comma-like = 0.43, spherical-like = 0.16, Q~8mm~ =  − 0.51 central thickness = 483), GA--AP = 6.48°, GA--MCT = 6.57°, AP--MCT = 12.95°, Anterior AP--MCTd = 0.604 mm, Posterior AP--MCTd = 0.495 mm). GA--AP: Geometrical axis--apex line angle; GA--MCT: Geometrical axis--minimum thickness line angle; AP--MCT: Apex line--minimum thickness line angle; Anterior/Posterior AP--MCTd: Distance between apex and minimal corneal thickness points on the anterior/posterior corneal surface.Fig. 3Graphical representation of angles and linear distances calculation for an advanced keratoconus eye (male patient of 20 years, OD, CDVA = 0.44, astigmatism = 1.77, comma-like = 2.27, spherical-like = 2.50, Q~8mm~ =  − 2.42 central thickness = 447), GA--AP = 9.08°, GA--MCT = 11.04°, AP--MCT = 18.16°, Anterior AP--MCTd = 1.159 mm, Posterior AP--MCTd = 0.796 mm). GA--AP: Geometrical axis--apex line angle; GA--MCT: Geometrical axis--minimum thickness line angle; AP--MCT: Apex line--minimum thickness line angle; Anterior/Posterior AP--MCTd: Distance between apex and minimal corneal thickness points on the anterior/posterior corneal surface.•Geometrical axis--apex line angle (GA--AP): angle between the optic axis and the line joining the apex points of ACS and PCS.•Geometrical axis--minimum thickness line angle (GA--MCT): angle between the optic axis and the line joining the points of the ACS and PCS in the corneal section containing the minimum corneal thickness.•Apex line--minimum thickness line angle (AP--MCT): angle between the line joining the apex points of the ACS and PCS and the line joining the points of the ACS and PCS in the corneal section containing the minimum corneal thickness.•Distance between apex and minimal corneal thickness points on the ACS (Anterior AP--MCTd): length of the segment joining the apex and point and minimum thickness point on the ACS.•Distance between apex and minimal corneal thickness points on the PCS (Posterior AP--MCTd): length of the segment joining the apex and point and minimum thickness point on the PCS.Fig. 1Scheme of the procedure for the generation of a virtual corneal model and morphogeometrical variables definition, based on angular--spatial relations. GA--AP: Geometrical axis--apex line angle; GA--MCT: Geometrical axis--minimum thickness line angle; AP--MCT: Apex line--minimum thickness line angle; Anterior/Posterior AP--MCTd: Distance between apex and minimal corneal thickness points on the anterior/posterior corneal surface.

Statistical analysis {#s0030}
--------------------

The SPSS statistics software package, version 15.0 (IBM, Armonk, EEUU), was the one chosen to perform the statistical analysis of data. The normality of all data was checked by means of a Kolmogorov--Smirnov test. The unpaired Student's *t*-test was used to assess the statistical significance of differences between control and keratoconus groups. Furthermore, the correlation between anterior and posterior geometric parameters was assessed with the calculation of the Pearson correlation coefficient. All differences for which the related p-value was \< 0.05 were considered statistically significant.

The intrasubject repeatability for the pachymetrical parameters CCT and MTC was assessed by using the following statistical variables: the within-subject standard deviation (S~w~) of the consecutive measurements (three in total), intrasubject repeatability (IR), the coefficient of variation (CoV), and the intraclass correlation coefficient (ICC). The Sw is an easy way of estimating the magnitude of the measurement error. The intraobserver precision was as ± 1.96 × S~w~, giving this value an estimation on the size of the error of the consecutive measures for 95% of the observations. The ICC is a correlation based in the analysis of variance (ANOVA) that measures the relative homogeneity within groups (for the set of repeated measurements) with regards to the total variation. The ICC will tend to 1.0 when the variance within the repeated measures tend to zero, indicating that the total variation in measurements can only be attributed to variability in the measured parameter.

The spherocylindrical refraction in each case was converted to vectorial notation using the power vector method of Thibos and Horner [@b0150]. With this method, all spherocylindrical refractive errors in conventional script notation (S \[sphere\], C \[cylinder\] × φ \[axis\]) could be converted to power vector coordinates and overall blurring strength (B) using the following formulae: M = S + C/2; J~0~ = (--C/2) cos (2 φ); J~45~ = (--C/2) sin (2 φ); and B = (M^2^ + J~0~^2^ + J~45~^2^)^1/2^.

Finally, the diagnostic ability of the parameters defined from the morphogeometric analysis performed to detect keratoconus was evaluated using the receiver operating characteristic (ROC) curve analysis for half of the population evaluated. This subgroup of eyes was selected randomly. ROC curves show the relationship between sensitivity (pathological cases that are correctly detected) and 1-specificity (non-pathological cases that have a negative test result). Furthermore, this analysis provides the area under the curve and its corresponding statistical significance, which allows the clinician to determine the diagnostic accuracy of any clinical parameter evaluated. Likewise, an optimal cutoff is defined, which corresponds to the point of the curve which has high sensitivity while maintaining a high specificity (compromise between sensitivity and specificity). In the current study, once obtained the ROC curve, its diagnostic ability for the detection of keratoconus was validated with the other half of the sample not included in the previous analysis, detecting the percentage of true positives (TP) and negatives (TN). Specifically, false positive (FP) and false negative (FN) rates were calculated as well as positive (PPV = TP/(TP + FP)) and negative predictive values (NPV = TN/(TN + FN)).

Results {#s0035}
=======

A total amount of 124 healthy eyes from 124 subjects (28.2%) (control group, C) and 316 keratoconus eyes from 316 subjects (71.8%) (keratoconus group, KC) were considered in the study. The mean age of the sample was 38.4 years (standard deviation, SD: 15.6; median: 36.0; range: 7 to 99 years). According to the Amsler--Krumeich grading system, the severity of the disease was distributed as follows in the analyzed sample: 223 eyes with grade I (70.6%), 57 eyes with grade II (57 eyes), 9 eyes with grade III (2.8%), and 27 eyes with grade IV (8.5%). The main clinical characteristics in the control and KC group are summarized in [Table 1](#t0005){ref-type="table"}. As shown, statistically significant differences were found between groups in refraction, CDVA, anterior and posterior corneal asphericity, corneal higher-order aberrations and pachymetry (p ≤ 0.001).Table 1Summary of the visual acuity, refractive, pachymetric, and corneal topographic and aberrometric data obtained in control and keratoconus groups. The statistical significance (p-value) of the difference between these two groups for each parameter evaluated is displayed. Abbreviations: SD, standard deviation; D, diopter; SE, spherical equivalent; J~0~ and J~45~, astigmatic power vector components; B, overall blur strength; CDVA, corrected distance visual acuity; Q, asphericity; HOA, higher-order aberrations; RMS, root mean square; SA, spherical aberration; CCT, central corneal thickness; MCT, minimum corneal thickness.Mean (SD)\
Median (Range)ControlKeratoconusp-valueSphere (D)−0.64 (3.62)\
0.00 (−12.50 to 8.00)−2.43 (4.47)\
−1.00 (−20.00 to 5.00)\<0.001Cylinder (D)−0.62 (0.75)\
−0.50 (−5.75 to 0.00)−2.80 (2.37)\
−2.25 (−17.00 to 0.00)\<0.001SE (D)−0.95 (3.61)\
0.00 (−12.88 to 8.12)−3.83 (4.62)\
−2.38 (−21.75 to 4.00)\<0.001J~0~ (D)0.12 (0.41)\
0.00 (−0.59 to 2.70)−0.21 (1.24)\
−0.17 (−4.25 to 5.00)\<0.001J~45~ (D)\
−0.01 (0.23)\
0.00 (−0.98 to 1.37)0.15 (1.33)\
0.00 (−4.00 to 7.36)0.139B (D)2.65 (2.66)\
1.93 (0.00 to 12.88)4.53 (4.34)\
3.02 (0.00 to 21.82)\<0.001LogMAR CDVA0.00 (0.04)\
0.00 (−0.08 to 0.22)0.20 (0.28)\
0.10 (−0.18 to 1.30)\<0.001Anterior Q 4.5 mm−0.09 (0.27)\
−0.07 (−0.65 to 0.84)−0.60 (1.54)\
−0.59 (−7.42 to 4.10)0.001Anterior Q 8.0 mm−0.25 (0.19)\
−0.25 (−0.78 to 0.13)−0.88 (0.84)\
−0.76 (−3.00 to 2.82)\<0.001HOA RMS (μm)0.42 (0.11)\
0.40 (0.24 to 0.76)2.91 (2.37)\
2.31 (0.32 to 13.84)\<0.001Coma RMS (μm)0.28 (0.12)\
0.26 (0.02 to 0.61)2.36 (2.12)\
1.88 (0.04 to 12.85)\<0.001SA (μm)0.22 (0.06)\
0.22 (0.08 to 0.42)−0.30 (1.19)\
0.11 (−7.85 to 1.32)\<0.001Spherical-like RMS (μm)0.24 (0.06)\
0.24 (0.11 to 0.48)1.05 (1.15)\
0.67 (0.15 to 8.29)\<0.001Coma-like RMS (μm)0.33 (0.13)\
0.32 (0.08 to 0.70)2.62 (2.16)\
2.19 (0.20 to 12.95)\<0.001CCT (μm)544.33 (32.27)\
544.50 (482 to 639)468.38 (59.82)\
475.00 (285 to 633)\<0.001MCT (μm)541.09 (32.03)\
541.00 (480 to 634)449.56 (66.09)\
455.00 (231 to 602)\<0.001

[Table 2](#t0010){ref-type="table"} shows the intrasubject repeatability results for the pachymetrical variables analyzed with the Sirius system. An S~w~ value below 4 µm was observed for the pachymetry measurements for both the control and keratoconus groups, with ICC values close to 1 and a CoV below 0.7% in all cases. No significant differences were found in the S~w~ values associated with the minimum and central pachymetry measurements (p = 0.47).Table 2Intrasubject repeatability results for the pachymetrical variables analyzed with the Sirius system. Abbreviations: SD, standard deviation; CCT, central corneal thickness; MCT, minimum corneal thickness; S~w~: within-subject standard deviation; CoV: coefficient of variation; IR: intrasubject repeatability; ICC: intraclass correlation coefficient; CI: confidence interval.VariablesMean (SD)\
Median (Range)S~w~CoV (%)IRICCRange 95% CI\
ControlCCT (μm)544.33 (32.27)\
544.50 (482 to 639)2.790.515.500.9960.995, 0.997MCT (μm)541.09 (32.03)\
541.00 (480 to 634)2.810.515.510.9960.995, 0.997KeratoconusCCT (μm)468.38 (59.82)\
475.00 (285 to 633)2.290.494.480.9970.996, 0.998MCT (μm)449.56 (66.09)\
455.00 (231 to 602)3.210.696.190.9890.982, 0.994

[Table 3](#t0015){ref-type="table"} summarizes the outcomes obtained in the morphogeometric analysis in control and KC groups. Statistically significant higher values of A~ant~ and A~post~ were obtained in the KC group compared to the control group (p \< 0.001). Likewise, statistically significant higher values of corneal volume were found in the keratoconus group (p \< 0.001). Concerning the new morphogeometric parameters, statistically significant higher values of GA--AP, GA--MCT, AP--MCT and anterior AP--MCTd were also found in the KC group compared to the control group (p ≤ 0.001).Table 3Summary of the different corneal parameters defined and obtained from the morphogeometric analysis performed in both control and keratoconus groups. The statistical significance (p-value) of the difference between these two groups for each parameter evaluated is displayed. Abbreviations: SD, standard deviation; A~ant~, anterior corneal surface area; A~post~, posterior corneal surface area; A~tot~, total corneal surface area; CV, corneal volume; GA--AP, geometrical axis--apex line angle; GA--MCT, geometrical axis--minimum thickness line angle; AP--MCT, apex line--minimum thickness line angle; anterior AP--MCTd, distance between apex and minimum corneal thickness points on the anterior corneal surface; posterior AP--MCTd, distance between apex and minimum corneal thickness points on the posterior corneal surface.Mean (SD)\
Median (Range)ControlKeratoconusp-valueA~ant~ (mm^2^)\
43.09 (0.15)\
43.10 (42.73 to 43.39)43.48 (0.55)\
43.36 (42.49 to 47.44)\<0.001A~post~ (mm^2^)\
44.26 (0.29)\
44.26 (43.49 to 44.90)44.87 (0.90)\
44.69 (43.57 to 51.14)\<0.001A~tot~ (mm^2^)\
104.01 (1.19)\
103.93 (100.72 to 106.15)104.15 (2.00)\
103.81 (99.96 to 114.88)0.622CV (mm^3^)\
25.85 (1.49)\
25.95 (22.99 to 29.50)23.87 (1.82)\
23.81 (16.95 to 28.96)\<0.001GA--AP °7.19 (2.20)\
7.03 (2.49 to 13.33)21.99 (11.15)\
21.23 (1.32 to 67.26)\<0.001GA--MCT °8.26 (5.30)\
7.59 (0.53 to 50.12)9.76 (5.28)\
9.05 (0.44 to 52.37)\<0.001AP--MCT °15.03 (6.02)\
14.07 (4.15 to 56.68)30.89 (13.12)\
29.81 (0.15 to 75.19)\<0.001Anterior AP--MCTd (mm)0.87 (0.25)\
0.84 (0.44 to 1.98)1.02 (0.40)\
0.96 (0.17 to 3.20)0.001Posterior AP--MCTd (mm)0.74 (0.24)\
0.71 (0.34 to 2.20)0.76 (0.37)\
0.71 (0.05 to 2.86)0.722

In the control group, very weak correlations were found between the new morphogeometric parameters and other clinical parameters measured (−0.209 ≤ r ≤ 0.246, p ≥ 0.006). In contrast, in the KC group, several significant correlations were found, as summarized in [Table 4](#t0020){ref-type="table"}. Moderate significant correlations of corneal aberrations (r ≥ 0.587, p \< 0.001), especially coma RMS ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}), and corneal thickness parameters (r ≤ -0.414, p \< 0.001) with GA--AP and AP--MCT were found. Anterior Q for 4.5-mm and 8-mm areas were found to be significantly correlated with anterior AP--MCTd (r ≥ 0.430, p \< 0.001) ([Fig. 6](#f0030){ref-type="fig"}) and posterior AP--MCTd (r ≥ 0.550, p \< 0.001) ([Fig. 7](#f0035){ref-type="fig"}). Finally, the correlations of keratoconus grade severity with the morphogeometric parameters evaluated were more limited (-0.225 ≤ r ≤ 0.418, p \< 0.001).Table 4Summary of the different statistically significant correlations found between corneal parameters defined and obtained from the morphogeometric analysis and different clinical data in the keratoconus group. The statistical significance (p-value) of correlations is also displayed. Abbreviations: SD, standard deviation; A~ant~, anterior corneal surface area; A~post~, posterior corneal surface area; A~tot~, total corneal surface area; CV, corneal volume; GA--AP, geometrical axis--apex line angle; GA--MCT, geometrical axis--minimum thickness line angle; AP--MCT, apex line--minimum thickness line angle; anterior AP--MCTd, distance between apex and minimum corneal thickness points on the anterior corneal surface; posterior AP--MCTd, distance between apex and minimum corneal thickness points on the posterior corneal surface; CDVA, corrected distance visual acuity; Q, asphericity; HOA, higher-order aberrations; RMS, root mean square; SA, spherical aberration; CCT, central corneal thickness; MCT, minimum corneal thickness.Morphogeometric parametersCorrelated withCorrelation coefficientp-valueGA--AP °CDVA0.428\<0.001HO RMS0.753\<0.001Coma RMS0.75\<0.001Coma-like RMS0.749\<0.001Spherical-like RMS0.655\<0.001Anterior Q in central 8 mm−0.487\<0.001KC grade severity0.418\<0.001MCT−0.618\<0.001CCT−0.486\<0.001GA--MCT °KC grade severity0.1550.006AP--MCT °HO RMS0.667\<0.001Coma RMS0.664\<0.001Coma-like RMS0.662\<0.001Spherical-like RMS0.587\<0.001KC grade severity0.367\<0.001MCT−0.55\<0.001CCT−0.414\<0.001Anterior AP--MCTd (mm)Anterior Q in central 4.5 mm0.6\<0.001Anterior Q in central 8 mm0.43\<0.001KC grade severity−0.180.001Posterior AP--MCTd (mm)Anterior Q in central 4.5 mm0.65\<0.001Anterior Q in central 8 mm0.55\<0.001KC grade severity−0.225\<0.001Fig. 4Scatterplot showing the relationship between the geometrical axis--apex line angle (GA--AP) defined from the morphogeometric analysis performed and the level of corneal primary coma aberration in terms of the root mean square (RMS) obtained in the keratoconus group. The adjusting line to the data obtained by means of the least-squares fit is shown.Fig. 5Scatterplot showing the relationship between the apex line--minimum thickness line angle (AP--MCT) defined from the morphogeometric analysis performed and the level of primary coma aberration in terms of root mean square (RMS) obtained in the keratoconus group. The adjusting line to the data obtained by means of the least-squares fit is shown.Fig. 6Scatterplot showing the relationship between the distance between apex and minimum corneal thickness points on the anterior corneal surface (Anterior AP--MCTd) defined from the morphogeometric analysis performed and the anterior corneal asphericity (Q) in the central 4.5 mm area obtained in the keratoconus group. The adjusting line to the data obtained by means of the least-squares fit is shown.Fig. 7Scatterplot showing the relationship between the distance between apex and minimum corneal thickness points on the posterior corneal surface (Anterior AP--MCTd) defined from the morphogeometric analysis performed and the anterior corneal asphericity (Q) in the central 4.5 mm area obtained in the keratoconus group. The adjusting line to the data obtained by means of the least-squares fit is shown.

Concerning the ROC curve analysis, with half of the population evaluated, GA--AP and AP--MCT had the best diagnostic ability for the detection of keratoconus, with areas under the curve (AUC) of 0.908 and 0.891, respectively (p \< 0.001). The optimal cutoff values for these parameters were 9.61° (sensitivity 85.5%, specificity 80.3%) and 18.08° (sensitivity 80.5%, specificity 78.7%), respectively. For the rest of the morphogeometric parameters, the AUC ranged from 0.682 (p \< 0.001) for GA--MCT to 0.543 (p = 0.320) for posterior AP--MCTd. When the cutoff point obtained for GA-AP was validated with the other half of the sample, FP and FN rates of 9.7% and 15.2% were found, respectively. Likewise, PPV and NPV of 95.8% and 71.8% were obtained, respectively. Considering the cutoff point obtained for AP-MCT, FP, FN, PPV, and NPV values of 24.2%, 15.2%, 89.9%, and 66.2%, respectively.

Discussion {#s0040}
==========

Several technological advances have been introduced in clinical practice to characterize and evaluate in detail the corneal changes occurring in keratoconus [@b0075], [@b0155]. Besides a great variety of tools for early detection of keratoconus [@b0075], [@b0155], even considering the cornea as a solid with a determined volume [@b0010], [@b0015], different tomographic, pachymetric, optical and biomechanical indices have been developed to characterize the level of severity of the disease and to monitor the potential progression of the structural weakening of the cornea [@b0055], [@b0060], [@b0085], [@b0155], [@b0160], [@b0165], [@b0170], [@b0175], [@b0180], [@b0185], [@b0190], [@b0195]. In the current study, we have used a Scheimpflug imaging-based tomographer that have been previously validated, the Sirius system, which can provide repeatable geometric and pachymetric measurements in healthy [@b0200], [@b0205], [@b0210], [@b0215] and keratoconus eyes [@b0220], [@b0225]. Likewise, previous comparative clinical studies have demonstrated the good interchangeability level of pachymetric measurements obtained with the Sirius system and anterior segment optical coherence tomography systems [@b0230], [@b0235], [@b0240]. The variability of repeated measurements of pachymetry parameters evaluated in the current study was below 4 µm, which is not clinically relevant, and coincides with the results of previous studies [@b0215], [@b0220].

Regarding the geometric calculations performed with the data obtained with the tomographer used, we have considered the cornea as a solid, with the definition of new morphogeometric parameters by means of a new mathematical approach [@b0005] in order to characterize potential changes in the symmetric distribution of some reference points on the two surfaces of the cornea. Specifically, the geometrical axis (GA), the line joining the apex points of the ACS and PCS (AP), and the line joining the points of the ACS and PCS in the corneal section containing the minimum corneal thickness (MCT) have been considered as reference lines to define different angular metrics and distances: GA--AP, GA--MCT, AP--MCT, anterior AP--MCTd, and posterior AP--MCTd. This kind of analysis may help obtain a better clinical characterization of the level of severity and progression of corneas with keratoconus.

In the current series, we found significantly higher values of the areas of the ACS and PCS of the generated custom 3-D model (A~ant~, A~post~) in the groups of eyes with KC, which is consistent with the results of our previous studies [@b0005], [@b0010], [@b0015]. This confirms that the local steepening occurring in the ACS and PCS in KC [@b0025], [@b0045], [@b0055], [@b0060], [@b0075], [@b0085], [@b0155] leads to an increase in the area occupied by each surface. Indeed, the combination of A~post~ and A~tot~ with other morphogeometric parameters has been shown to provide good diagnostic ability for the detection of grade I KC, with sensitivity of 97.4% and specificity of 97.2% [@b0010]. Likewise, significantly lower values of corneal volume were found in the KC group when compared with the control group, which is consistent with the significantly lower pachymetric values obtained. Ahmadi Hosseini et al. [@b0245] demonstrated that the presence of a reduction in corneal volume in keratoconus eyes was related to the lower percentage thickness increase from center to periphery.

Concerning the new morphogeometric parameters, significantly higher values of GA--AP, GA--MCT, and AP--MCT were found in the KC group compared to the control group. This confirms the loss of the revolution symmetry of the cornea when a KC is present, with more discrepancy in the position of the optic axis (line joining the geometric center of both corneal surfaces) in KC with respect to the line joining the apex points of both corneal surfaces and the line joining the points of the ACS and PCS in the corneal section containing the minimum corneal thickness. This is in line with the results of previous studies that evaluate the changes occurring in the location of the apex of the ACS in KC eyes, with an inferior displacement in most cases [@b0010], [@b0055], [@b0060]. Furthermore, in our series, statistically significant correlations of GA-AP, GA-MCT and AP-MCT with the severity of the disease graded using the Amsler--Krumeich classification were found, although the strength of these correlations was limited. This shows a trend of the severity of keratoconus to be associated with a progressively more remarked discrepancy between geometric center and anterior and posterior apex and MCT localizations, leading to a more distorted 3-D configuration of the corneal structure, more significant geometric asymmetries in both corneal surfaces and consequently, a poorer optical performance. In agreement with our results, Abu Ameerh and colleagues [@b0060] demonstrated that the vertical apex location in keratoconus was effectively correlated with the level of severity of the disease, but this correlation was weaker for the horizontal location of the apex. Likewise, the asymmetry in pachymetric maps has also been found to be a valuable tool to characterize the structural asymmetry in keratoconus, as well as to provide a consistent detection of the disease [@b0250], [@b0255], [@b0260].

In contrast to GA--AP, GA--MCT, and AP--MCT, no clear trends were observed for anterior and posterior AP--MCTd in keratoconus compared to controls. In spite of the significant differences found in the line joining the apex and MCT points of both corneal surfaces, no significant differences in the length of the segment joining the apex and point and minimum corneal thickness on the posterior corneal surface were found between control and keratoconus groups. A small (in magnitude) but statistically significant difference was only found in anterior AP--MCTd between control and keratoconus groups. This confirms that the difference between the apex and MCT point in each surface is less critical than the difference in the projection of these positions on each corneal surface. Therefore, in keratoconus, the correlation between the geometry of both corneal surfaces is altered as has been demonstrated in previous studies [@b0255]. When the correlation of AP--MCTd with the severity grade of the keratoconus was evaluated, a trend toward lower values of anterior and posterior AP--MCTd were found in those eyes with a more severe stage of the disease (negative correlations). This demonstrates that MCT and apex points become closer in both corneal surfaces with an increased level of severity in keratoconus. This is consistent with the results of morphogeometric analyses performed in keratoconus in previous studies of our research group using different parameters, such as the anterior and posterior apex deviations (mean distance from the Z axis to the highest point of both ACS and PCS), and anterior and posterior minimum thickness point deviations (mean distance in the XY plane from the Z axis to the minimum thickness points in both corneal surfaces) [@b0005], [@b0010]. However, it should be considered that the correlations found of anterior and posterior AP-MCTd with keratoconus severity grade in our series were limited. Therefore, these parameters may be beneficial to differentiate keratoconus from normal corneas, but possibly are insufficient to be used by clinicians to characterize the level of severity of keratoconus. Future studies should be performed in order to confirm all these trends obtained in the current series.

Finally, we evaluated the correlations between the new morphogeometric parameters and other clinical variables in control and KC groups. In contrast to the lack of significant correlations found in the control groups, several statistically significant correlations of different strength were found in the keratoconus group. Positive and negative significant correlations of GA--AP and AP--MCT with a great variety of clinical parameters that have been found previously to correlate also with the severity of the disease were found in our keratoconus group [@b0075], [@b0085], [@b0155], [@b0265]. Specifically, poorer CDVA and higher level of coma-like and spherical-like corneal aberrations, as well as more negative asphericity values and lower MCT and CCT, were found in those eyes showing higher values of GA--AP and AP--MCT. This confirms that GA--AP and AP--MCT are parameters with the ability of characterizing the corneal structural changes occurring in keratoconus with an increasing level of severity. Likewise, significant correlations were found between anterior and posterior corneal asphericities and anterior and posterior AP--MCTd. Specifically, higher values of these parameters were found in those eyes with less negative values of asphericity. Therefore, MCT and apex were closer in those eyes with more prolate ACS and PCS, which is associated with the presence of more severe stages of keratoconus [@b0075], [@b0085], [@b0155], [@b0265], [@b0270].

This study has some limitations that should be acknowledged. Although the Scheimpflug imaging technology has been shown to provide repeatable geometric and pachymetric measurements in keratoconus eyes [@b0220], [@b0225], this consistency of tomographic measurements obtained with this type of technology is poorer than that observed in healthy subjects, especially in terms of posterior corneal shape characterization. Future studies using the same morphogeometric approach but with data obtained using other types of technologies should be performed to confirm these outcomes. Likewise, although the level of interobserver repeatability seems to be low considering that measurements are taken automatically by the device, the observer has an active role and there is a range of acceptable focuses that may lead to variable measurements. For this reason, this factor may be also considered as a potential limitation of the current study and should be addressed in future investigations.

Conclusions {#s0045}
===========

The use of new morphogeometric indices developed considering the position and spatial projection of anterior and posterior corneal apex and MCT points allows a clinical characterization of the 3-D structural alteration occurring in keratoconus. Likewise, this type of analysis may allow the clinician to characterize the level of severity of the disease, with less coincidence in the spatial projection of apex and MCT points of both corneal surfaces, as well as lower separation between these two localizations in each surface in the more advanced stages of keratoconus. These changes, according to the severity of this corneal disease, are consistent with the significant reduction in corneal volume and the significant increase in the area occupied by each corneal surface that is observed. Therefore, besides changes occurring separately in each corneal surface, a significant alteration of the 3-D configuration of the corneal structure is present in keratoconus that should be considered in clinical evaluations and decisions. Future studies should be conducted to evaluate the diagnostic ability of the morphogeometric parameters developed for the detection of subclinical keratoconus, comparing such diagnostic performance with that currently provided by spectral-domain optical coherence tomography.
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